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A B S T R A C T
Correlative analysis is performed using atom probe tomography and high resolution transmission Kikuchi
diffraction techniques on microtwins of ∼10 nm thickness, in a 〈011〉-orientated single crystal superalloy
crept at 800 ◦C and 650 MPa. Composition proﬁles across the microtwins and microtwin-parent boundaries
are presented. Enrichment of microtwin-parent interfaces by approximately 2 at.% Cr and 1 at.% Co within
the c′-phase is found; no compositional variations of other elements – Ta, Nb, Mo, W – are detected. Our
results provide unique insights into the mechanism of microtwin formation and the likely inﬂuence of alloy
composition on deformation kinetics.
© 2016 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
Plasticity in nickel-based superalloys is most commonly associ-
atedwith either athermal yielding at temperatures between ambient
and ∼700 ◦C, or alternatively time-dependent creep deformation
at conditions beyond ∼850 ◦C. The former is mediated by either
weakly- or strongly-coupled pairs of dislocations whose motion is
controlled by propagation through the c′-particles [1–3], whereas
the latter depends upon the circumvention of them by climb-assisted
glide within the c-matrix [4]. At temperatures between these two
limits a mode of deformation has been reported recently [5–8]
involving the propagation of so-called microtwins, by a mechanism
which is not completely understood, somewhat controversial but
also of signiﬁcant practical importance.
Microtwins are caused by the propagation of 1/6〈112〉 twinning
partials on every consecutive {111} plane [9]. Thus, the diffusion-
assisted reordering needed in the vicinity of the leading partials for
twin growth can provide a time-dependent character. These con-
cepts have been discussed in the literature [5,6,10,11], especially in
the work of Kovarik et al. [5] where the reordering process needed
has been studied in detail using ab initio atomistic calculations. How-
ever, the latest results obtained using high angle annular dark ﬁeld
imaging [12–15] have revealed a further intriguing aspect of this
deformation mode, since the planar faults formed in this region
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have been found to support segregation of certain important alloying
additions. Thus, local enrichment of Co and Cr – and depletion of Ni
and Al – at planar faults in the CMSX-4 and ME3 alloys has been
reported [12]. Furthermore, the segregation of Ta and W found at
superlattice intrinsic stacking faults (SISFs) in a series of Co-based
superalloys has been rationalised by means of the phase transfor-
mation c′ →Co3Ti [13]. Similarly, segregation of Co, Ta, Nb and Ti
at superlattice extrinsic stacking faults (SESFs) in ME3 – and again
depletion of Ni and Al – have been reported [14]. There, the presence
of a solute atmosphere – rich in Cr and Co and lean in Ni and Al –
surrounding the leading Shockley partials was detected, suggesting
that its diffusive movement in a viscous manner might be associ-
ated with the shearing process. Thus the idea that themicrotwinning
process exhibits characteristics of a coupled diffusional-displacive
phase transformation has gathered pace in the last few years. But
quantitative chemical analysis at atomic resolution is lacking.
Hence, improved high resolution chemical analysis is needed,
to better understand the effects occurring and especially to sup-
port quantitative theory and modelling of this mechanism. For
the present investigation, single crystal samples of the prototype
nickel based superalloy MD2 [16] of composition Ni–11.2Al–9.3Co–
5.3Cr–2.6W–2Ta–1.65Ti–1.33Mo–0.2Si–0.03Hf in at.% were invest-
ment cast into bars aligned along the 〈011〉 crystallographic axis. This
orientation was chosen because Schmid factor analysis indicates that
the microtwinning mode is then favoured. Solution treatment was
carried out at 1275 ◦C for 8 h, followed by ageing for 6 h at 1080 ◦C
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1359-6462/© 2016 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
38 D. Barba, et al. / Scripta Materialia 127 (2017) 37–40
Fig. 1. SEM backscattered electron micrograph showing twin bundles and c-c′-phase
distribution in MD2 alloy after creep testing at 800 ◦C and 650 MPa.
and ﬁnally at 870 ◦C for 16 h. Creep test pieces of gauge volume
16 × 1.6 × 1mm3 were used. The crept material characterised in
this paper formed part of a broader creep testing campaign to assess
the temperature and stress-dependence of the microtwin mecha-
nism; it was deformed at 800 ◦C under an applied tensile load of 650
MPa, consistent with conditions in whichmicrotwins are expected to
appear [8,17]. Testing was conducted in an Instron electro-thermal
mechanical testing (ETMT) machine with strain measurements per-
formed by means of a non-contact extensometer.
Post-mortem examination was carried out after fracture using a
Zeiss Merlin ﬁeld emission gun scanning electron microscope (FEG-
SEM) with a Gemini II column using an accelerating voltage of 10
kV and probe current of 300 pA. Backscattered electron images were
acquired in order to exploit the channelling contrast provided by
the change in orientation of the microtwins. An overview of the
microtwins that formed is shown in Fig. 1. The c′-precipitates are
shown and they are of order 1 lm in size. The microtwins appear as
diagonal bands of different contrast; they appear arranged in bun-
dles, with thickness varying between 50 nm and 2 lm. Deformation
of the c-phase within the microtwin is also clearly visible as the
c′-precipitates are sheared inside the twinned regions.
Samples were prepared using a Zeiss NVision 40 focused ion
beam microscope (FIB) for correlative atom probe tomography
(APT)/transmission Kikuchi diffraction (TKD) analysis. A protective
W capping layer was Ga beam deposited, then a 25×4lm2 cantilever
wasmachined out and extracted using a Kleindiekmicromanipulator
from site speciﬁc twinned regions. The cantilever was cut and
mounted onto a Cameca standard ﬂat-top Si coupon using W welds
and sharpened until the apex of the sample did not exceed 100 nm
in diameter. The axis of the needle was perpendicular to the tensile
direction of the sample. A 45◦ pre-angled sample holder was cus-
tom made for the present analysis, which enabled the APT coupon
to be loaded into a Zeiss Merlin SEM equipped with a Bruker EBSD
system for TKD analysis. TKD was performed at 20 kV with a probe
current of 300 pA, following a square grid with a minimum pixel size
of 20 nm. Patterns were acquired from rectangular sections 2 lm in
length, 80 nm in width following the length of the sample. Inverse
pole ﬁgure maps showing the grain orientations were plotted using
20 nm length scale, and relative misorientation proﬁles were plot-
ted along speciﬁc lines to ensure 60◦ rotations about the 〈111〉 axis
were observed at the microtwin-parent interfaces [18]. Atom probe
tomography was performed on the samples following TKD, using a
Cameca Local Electrode Atom Probe (LEAP) 5000 XR. Samples were
run using a UV laserwith energy 100 pJ, frequency 160 kHz, and tem-
perature−223 ◦C. Reconstructionswere performed using IVAS 3.6.12
software. The correlative analysis is illustrated in Fig. 2.
Fig. 2 proves conclusively the presence of two microtwins in an
atom probe needle prior to APT analysis. Fig. 2(a) illustrates the
needle SEM micrograph and its associated TKD inverse pole ﬁgure
map. Two microtwins are shown in the inverse pole ﬁgure map,
and the misorientation proﬁle along them is plotted in Fig. 2(b).
Both microtwins exhibit a sharp 60◦ step, associated the microtwin-
parent interfaces. Only misorientations <4◦ were recorded within
the twin and thematrix domains themselves. Fig. 2(c) shows the cor-
responding APT maps which corresponds to the yellow region in the
needle indicated in Fig. 2(a). Two c-c′-phase boundaries are shown,
and four interfaces were detected within one of the c′-precipitates.
The crystallographic information provided by APT is in general rather
limited; usually crystallographic features such as twins and stack-
ing faults are not directly observable. However, their presence in an
analysis can be indirectly detected by the observation of local seg-
regation of solute atoms to these features. Furthermore, it is also
well documented that such features can also be imaged indirectly
in the form of regions of aberrantly high atom density in the 3D
reconstruction [19,20]. These regions arise due to subtle aberrations
in the trajectories of the ﬁeld evaporated ions in the APT experi-
ment itself, instigated by these microstructural features. In Fig. 2(c)
analysis of the atomic density ﬂuctuations through the APT clearly
highlights the features interfaces. Furthermore, a vertical 〈011〉 pole
is present along the axis of the needle, as shown by the TKD anal-
ysis, and corresponding atomic planes can be resolved within the
2D slice through the APT reconstruction presented in Fig. 3(a). These
planes do not appear between the I1-I2 interfaces but are present
Fig. 2. (a) SEM secondary electron micrograph showing the atom probe needle and TKD inverse pole ﬁgure map plotted along the z-axis; (b) two regions displaying 60◦ misori-
entation angle corresponding to microtwins are shown to be present in the needle; (c) atom maps of the yellow region indicated in (a) created through the reconstruction of the
APT data set, with c-c′-phase transitions shown as Ni–Cr, Al–Co and Ta–W partitioning.
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Fig. 3. Sub-section of the atom probe reconstruction shown in Fig. 2: (a) atomic planes are visible along the indicated 〈011〉 pole within the c′-phase and interrupted inside the
microtwin; (b) 1D concentration proﬁles of Cr, Co and Ta at the I1-I2 interfaces within the c′-precipitates and the c-matrix; (c) atom map detail of the region containing I3 and I4
interfaces, the crystal orientation is conserved across I3 but not across I4; (d) segregation of Cr and Co at the I3-I4 interfaces in the c′-precipitate.
on either side of this region, which is consistent with the localised
change in crystallographic orientation in the twin. At the I3 interface
the planes are seen to remain continuous across the feature in the
APT data as shown in Fig. 3(c) indicating that I3 is in fact a stacking
fault. The atomic planes are again seen to be discontinuous at the I4
interface indicating another abrupt change of orientation at a twin
boundary. Through the aforementioned correlation analysis, the fol-
lowing faulted structure can be inferred in Fig. 2(c) starting from the
apex of the needle: ﬁrst a microtwin is present between I1 and I2,
then the parent material extends until I3, which from the pole analy-
sis can be expected to be stacking fault, and then a secondmicrotwin
starts at I4. The segregation at the interfaceswithin the c′-precipitate
is shown in Fig. 3(b,d) as 1D chemical concentration proﬁles cross-
ing each of the interfaces. The Cr content was shown to increase by 2
at.% and Co by 1 at.% at the microtwin-parent interfaces. The higher
concentration of Cr at the interface leads to sharper peaks than in
the case of Co. The very early stage of growth of the ﬁrst microtwin
(<20 nm) can explain the overlap of the two concentration peaks
observed at I1 and I2. Furthermore, the different evaporation ener-
gies of the chemical species analysed here lead to slight changes of
the segregated peaks between Cr and Co. Further analysis in other
needles showed a clear separation between segregated peaks when
the twin thickness increases. The thickness of the microtwin can be
affected by these artefacts of the technique as well. In contrast, no
chemical segregation was observed at the faults within the c-matrix
as shown in Fig. 3(b). These results constitute the ﬁrst instance
of quantitative chemical analysis performed on microtwin-parent
interfaces formed in a nickel-based superalloy.
The elemental segregation detected indicates that the following
mechanism for microtwin formation is operative, see Fig. 4. First, a
pair of perfect 1/2[1¯01](111)dislocations arrive and get trapped at
the c-c′-phase boundary, see Fig. 4(a). Second, these dislocations dis-
associate into partial dislocations, see Fig. 4(b), with differing Schmid
factors; the partial 1/6[2¯11] of higher Schmid factor enters the pre-
cipitate creating a high energy CSF behind it, thus preventing its
extensive propagation into the c′. Third, Co and Cr partition to the
leading partial, see Fig. 4(c), thus lowering the energy of the CSF.
The increase of Co and Cr at the nucleus of the fault would lead, at
the limit of an FCC structure, to an extrinsic stacking fault in a c-
stabilised atmosphere, idea previously proposed by Smith et al. [14]
for SESFs. At the same time the short range reordering after the fault
leads to the twinned embryonic structure while the leading par-
tials can continue shearing the precipitate, see Fig. 4(d). This process
leaves behind them a trace of Co and Cr remnant from the shearing
process, see Fig. 4(d). This involves long range diffusion and a con-
tinuous ﬂux of Co and Cr to the advancing partials. The microtwin
embryo thickens by a ledgemechanism, see Fig. 4(e), in a similar way
as the one proposed recently by Smith et al. [21]. The partials shear-
ing on every consecutive planes beneﬁt from this remnant Cr and Co
enriched regions. Notably, it is expected that the leading partials con-
fer faster shear rates than might have been expected by long range
diffusion alone [12]. Plausibly, the mature microtwin arising from
this mechanism possesses segregation of Co and Cr at themicrotwin-
parent interfaces only or within close vicinity of them, see Fig. 4(f);
there exists the possibility of slight enrichment of these elements
inside the twin arising from the shearing partial residue. According
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Fig. 4. Schematic illustration of the microtwinning mechanism: (a) perfect
1/2[1¯01](111) dislocations get trapped at the c/c′-phase boundary; (b) partials
1/6[2¯11] of higher Schmid factor (red) enter the precipitate creating a high energy
CSF thus preventing their propagation; (c) long range diffusion Co and Cr enrichment
at the fault lowers the energy of the fault, followed by short range atomic reordering
results in a microtwin embryo; (d) the leading partials can now continue shearing the
precipitate leaving behind them traces of Co and Cr; (e) the partials shear on every
consecutives planes thus thickening themicrotwin; (f) thematuremicrotwin contains
segregation of Co and Cr at the microtwin-parent interfaces.
to the present hypothesis, the chemical alteration of the high energy
fault just after the dislocations, and thus the long range diffusion of
Co–Cr to the dislocations nuclei, may be the critical step for the twin
lengthening, thus controlling the kinetics of the mechanism. This
claim is also supported by the work of Viswanathan et al. [12] which
suggests that the movement of partials during planar fault growth is
controlled instead by the rate of diffusion of segregating elements.
Furthermore, Smith et al. [14] proposed that segregation occurring at
the fault tip has a localised stabilising effect, accomplished through
the formation of a nanometre-sized region of c-phase at the pla-
nar fault tip within the c′-precipitates. The localised microtwinning
partitioning of Cr and Co presented here (known c-phase stabil-
ising elements) supports this hypothesis. In conjunction with the
long range diffusion-assisted dislocation shearing presented here,
the short range reordering events proposed in early microtwin for-
mation theories are still needed to form the ﬁnal twinned atomic
arrangement. Further modelling is required to fully understand the
coupling between the short range reordering and the long range dif-
fusion taking place simultaneously. It is however noteworthy that
no relevant compositional changes of Ta, Nb, Mo, W or Ti have been
found in our APT analysis, whereas some have been reported in
previous cited studies performed on SESFs and SISFs [12–14]. This
may be an effect of the crystallographic orientation 〈011〉 chosen
for the present study, or a by-product of the selected testing mode
(in tension rather than compression). More detailed analysis will be
reported elsewhere due to space limitations here.
In summary, the ﬁrst quantitative compositional analysis of
microtwins in a single crystal nickel-based superalloy is reported.
We have made correlative use of atom probe tomography and trans-
mission Kikuchi diffraction. Our results indicate that microtwin
formation, lengthening and thickening require the long range dif-
fusion of critical elements such as Cr and Co, along with the previ-
ously studied short range reordering. Our ﬁndings provide critical
and important data to support future quantitative modelling of the
microtwinning mechanism, and the dependence of its kinetics upon
alloy composition.
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